F ocused ultrasound (FUS) offers a minimally invasive method of tissue ablation that was first reported in 1942. 9 At first, FUS beams were guided by radiography and bony landmarks, but in 1993, Hynynen and colleagues described the use of MRI for guidance.
be the skull density ratio (SDR). 2 The SDR is calculated in small sections over the skull as the ratio in Hounsfield units for marrow and cortical bone. The individual section values are averaged, and a global measurement is calculated for each patient. Patients were excluded from the recent prospective randomized trial if their mean SDR was less than 0.4. 5 In this study, we analyzed patients whom we treated with FUS with the intent to produce focal ablation either for essential tremor 8 or for Parkinson's disease. Our objective was to determine the incidence of skull lesions in all patients undergoing MR-guided FUS (MRgFUS) procedures and to consider possible causes.
Methods
A retrospective review of the MRI scans of the first 30 patients who underwent MRgFUS (1 attempted pallidotomy and 29 ventral intermediate nucleus thalamotomies) was conducted. Details of the treatments are provided in previous studies. 4, 8 The correlation of the mean SDR and the maximum energy applied in the production or attempted production of a brain lesion was examined.
Results

Index Case
This 80-year-old right-handed man had L-dopa-induced dyskinesia. The patient's mean SDR was measured at 0.48. A pallidotomy was attempted in January 2015. A total of 18 sonications with power and time of sonication incrementally increased to a maximum of 34.1 kJ (1100 W for a duration of 31 seconds) raised the temperature at the internal globus pallidus target to only 48°C. Despite analgesia administered during the procedure, the patient complained of pain. A T2-weighted MRI scan was obtained, and no brain lesion was demonstrated. Immediately following the procedure, there was no change in his clinical examination findings. The following morning, the patient was reexamined and a complete MRI study was obtained (Fig. 1 ). There was a very slight improvement in his right-sided dyskinesia and no change in his MRI scan from the baseline images obtained prior to treatment. As part of our protocol, he was reexamined at 1 month and at 3 months, and an MRI scan was obtained at each visit. At the 1-month examination, there was no treatment effect evident and no bony lesions in the skull. At 3 months, there was no treatment effect, but there were multiple ovoid-shaped areas of signal change with low T1/T2 rims scattered bilaterally throughout the calvaria (Fig. 2) , new since the 1-month scan. Their appearance was that of bone infarcts. Another MRI scan was obtained, 8 months after treatment (Fig. 3) . The bone lesions were unchanged. The patient was last seen in February 2016. At no time subsequent to his treatment did he complain of or report skull pain or tenderness. His overall condition had declined significantly, and he was subsequently unable to return for further clinical examination or imaging.
Review of the First 30 Patients Treated With MRgFUS
Of 30 patients treated for movement disorders with MRgFUS, 7 patients were found to have multiple new skull lesions that were not present prior to treatment and not visible on the posttreatment scans obtained prior to 3 months posttreatment. Discomfort was reported at the time of treatment by some patients with and without skull lesions. All patients with skull lesions were completely asymptomatic. There were no MRI changes on the brain surface or in the overlying muscle or skin.
One factor that influences the deposition of thermal energy in the skull is reported to be the SDR. 2 The SDR is calculated in small sections over the skull as the ratio in Hounsfield units for marrow and cortical bone. The individual section values are averaged, and a global measurement is calculated for each patient. Patients were excluded from the recent prospective randomized trial if their mean SDR was less than 0.4.
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An attempt to correlate maximum energy and mean SDR with the presence or absence of lesions was made by plotting maximum energy versus SDR and the presence or absence of lesions (Fig. 4) . The mean maximum energy for patients with skull lesions was 25.8 kJ. The mean maximum energy for patients without lesions was 15.5 kJ. The difference between these values is statistically significant (p = 0.00694, Wilcoxon Mann-Whitney U-test). In Fig. 4 , there is a visible separation between patients with skull lesions (red squares) and patients without lesions (green diamonds) with respect to maximum energy, but not for SDR. In our experience, the highest maximum energy treatments are more likely to be associated with skull lesions than lower maximum energy treatments, but there is no correlation between mean SDR and the presence or absence of skull lesions.
Discussion
The MRI scans obtained 3 months after sonications showed that approximately 20% of our patients had signal intensity changes indicating potential tissue damage. Simulation studies have indicated that local hot spots could be induced inside the skull bone. 3 Similarly, in preclinical testing in monkeys of the MRgFUS methodology for brain applications in humans, skull heating was significant and sufficient to cause bone and underlying brain lesions. 7 In this study, only bone abnormalities were detected without changes in the soft tissues on the skull surface.
MRgFUS is used for treatment of osseous lesions, such as bone metastases and osteoid osteomas.
10 Target temperatures of approximately 60°C are sufficient to cause lesions for therapeutic effect. In Fig. 5 , the bone temperature at the cursor is sufficient to cause a marrow lesion, but we cannot say that there was, in fact, a lesion at that exact location. The baseline temperature is reduced by cooling the skin to 13°C, 3 and thus the peak temperature is likely to be below thermal damage threshold in the tissue on the bone surface. This could explain the lack of soft-tissue lesions in the skin or muscle over the bone.
We did not systematically measure bone heating, but temperatures on the bone surface may be sampled in this way. Local temperatures are observed to vary from point to point. In Fig. 5 , the maximum bone surface temperature was 65°C. In determining whether the actual temperature increase at the target point in the brain corresponds to the expected focal point of the active ultrasound beams, axial, coronal, and sagittal sections are obtained through the focal point only, and a systematic survey of bone temperature is not obtained.
Other factors that may influence skull absorption of energy are beam angle and local skull features. Unfortunately, we were unable to definitively correlate beam angles or local skull features visible on CT with the location of skull lesions. There were no obvious instances of pretreatment abnormalities on CT scans in the vicinity of posttreatment bone lesions identified on MRI scans. The number of active elements (beams of ultrasound) was considered as a factor in the production of skull lesions. The number of active elements is automatically reduced as power is increased to avoid excessive heating of intracranial lesions visible on the pretreatment CT scan and marked as "no-pass" regions. For patients with skull lesions, the mean number of active elements at maximum power was 802, and for those without lesions, it was 825.8. This difference is not significant (p = 0.271, Wilcoxon Mann-Whitney U-test).
In addition to the number of active elements, the skull area available for sonication is measured for each treatment and the energy per square centimeter may be calculated. The skull area available for sonication was 299.6 cm 2 in those with lesions, and in those without lesions, the available area was 305.9 cm 2 , not a significant difference (p = 0.944, Wilcoxon Mann-Whitney U-test). As noted above, the difference in maximum energy between those with lesions and those without is significant (p = 0.00694), and as a consequence the energy per square centimeter is significant as well (p = 0.0048).
Because all patients with brain lesions were asymptomatic, we did not alter our follow-up MRI schedule for the 6 remaining essential tremor patients with bone lesions and do not have data regarding bone healing. The first patient with bone lesions has undergone follow-up for 63 months. The last patient included in this series has undergone follow-up for 19 months.
In experimental animals subjected to focal bone heating generated by MRgFUS, bone remodeling and healing does occur. In rat femurs, there is evidence of bone healing at 31 days after production of a bone lesion; 12 in rabbit femurs, there is new bone and cartilage formation adjacent to the necrotic bone at 28 days;
11 and in swine femurs, subtle evidence of new ossification is present at 3 weeks and robust bone healing at 6 weeks.
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In our index patient, the skull lesions visible at 3 months were still present at 8 months.
Conclusions
We were unable to definitively correlate local features visible on the original pretreatment CT scan with the location of the bone lesions that developed and were visible on the 3-month posttreatment MRI scan. We have determined, so far, that the maximum energy applied to produce or attempt to produce a brain lesion does correlate with the production of bone lesions. A prospective study to identify which local features predispose to the development of bone lesions should now be done.
FIG. 5.
Coronal temperature map through the target point in the left ventral intermediate nucleus. At the cursor over the left parietal bone, the temperature reaches a maximum of 65°C when a baseline temperature of 37°C is used. The baseline temperature, however, is reduced by the skin cooling of 13°C, and thus the peak temperature is likely to be below the threshold of thermal damage in the tissue on the bone surface.
